I
n this paper we develop materials to address student interest in the Indian Ocean tsunami of December 2004. We discuss the physical characteristics of tsunamis and some of the specific data regarding the 2004 event. Finally, we create an easy-to-make tsunami tank to run simulations in the classroom. The simulations exhibit three dramatic signatures of tsunamis, namely, as a tsunami moves into shallow water its amplitude increases, its wavelength and speed decrease, and its leading edge becomes increasingly steep as if to "break" or "crash." Using our tsunami tank, these realistic features are easy to observe in the classroom and evoke an enthusiastic response from our students.
Our Motivation
We wanted to create a current-events exercise that is appropriate for an introductory physics course but that could also be used as a demonstration in a Physics and Society course. Given student concerns over such recent natural disasters as hurricanes Katrina and Rita, we decided to model the Indian Ocean tsunami that struck India, Sri Lanka, East Africa, and Southeast Asia in December 2004. The goals of our activity are: l Discuss the physical characteristics of tsunamis and the conditions under which they are generated.
l Present specific data regarding the 2004 event.
l Create a tsunami tank to run simulations in class.
To be realistic, the simulations must display the characteristic features of a tsunami; namely, as the water depth decreases the tsunami's amplitude increases while its wavelength and speed decrease.
Our activity offers several opportunities to teachers of introductory physics: It is a timely chance to expose students to fluid dynamics, a topic not covered in the standard introductory physics curriculum; it focuses on the basic physical principles of conservation laws so the concept-level is appropriate; and the context is especially engaging to students since it involves current events and has real-world applications. We stress that our primary goal is to show students how physics can be applied to a real-world event rather than to engage them in a detailed description of water wave models.
Characteristics of a Tsunami
The term "tsunami" comes from two Japanese characters, tsu meaning "harbor," and nami meaning "wave." Tsunamis are usually triggered by undersea earthquakes but in general are created by any large impulsive vertical movement of the ocean floor that displaces the overlying water from equilibrium. As gravity returns the ocean to its equilibrium state, a tsunami radiates outward from the site of the displaced water.
Over most of its journey, a tsunami's physical characteristics are determined by conditions that exist in the deep ocean rather than at a shore. To understand these characteristics, consider a typical tsunami traveling in the deep ocean, a situation that is very different from the violent images we see on newscasts of a tsunami striking a coast. Typically, an undersea earthquake vertically shifts an area of the ocean floor by only a few feet; however, this area can be as large as a million square-kilometers, as was the case for the 2004 Indian Ocean tsunami. The huge volume of displaced
The Physics Teacher ◆ Vol. 44, December 2006 ocean water relaxing to equilibrium rapidly produces a wave that is very long but not very high. In fact, in ocean depths of a few kilometers, most tsunamis have wavelengths in excess of 500 km yet amplitudes of only a few feet. For this reason, deep ocean tsunamis can easily go undetected as they are often unfelt aboard ships or unseen from the air. Only as a tsunami enters very shallow water does its amplitude increase to the dramatic heights we see on newscasts. Contrary to popular images, we find that over most of its path a tsunami's wavelength is very large compared to the water depth, while its amplitude is very small compared to the water depth. The horizontal scale of a tsunami dominates its vertical scale, and even the deepest parts of the ocean are relatively shallow when compared to the horizontal dimensions of a tsunami. Because of these characteristics, physicists typically classify tsunamis as "Shallow-Water Waves" (SWWs).
Calling tsunamis "Shallow-Water Waves" can seem inconsistent to students; after all, our premise does sound contradictory: Model deep ocean tsunamis as shallow-water waves. Because tsunamis originate and mostly travel in deep water and are large-scale, destructive phenomena, students intuitively but incorrectly think that tsunamis have the characteristics of deep-water waves.
In general, a SWW is defined as any water wave that has the following physically equivalent characteristics: 1 I. The ratio of amplitude-to-water-depth is negligible compared to the ratio of wavelength-to-waterdepth. II. The water is in hydrostatic equilibrium at all times; that is, the weight of any small volume of water is balanced by the pressure-gradient force along the vertical direction. III. The horizontal velocity of the wave depends only on the water depth.
To illustrate the physical equivalence of these statements, imagine a long-wavelength, small-amplitude wave propagating across shallow water (Characteristic I). If the wave's amplitude-to-water-depth ratio is negligible compared to its wavelength-to-waterdepth ratio, we can assume that the vertical motion, and consequently the net vertical force, is negligible. Therefore, the water is in hydrostatic equilibrium (Characteristic II). This characteristic can be difficult to reconcile with one's intuition, because real waves do move vertically, contrary to what the model represents. The point here is that the horizontal scale so dominates the vertical scale that vertical motion can be ignored. Finally one can show mathematically that, in addition to a constant vertical pressure gradient, hydrostatic equilibrium also implies that the horizontal pressure gradients, and therefore the horizontal fluid motion, depend only on water depth (Characteristic III). 2 This characteristic reduces the three-dimensional wave to a simpler two-dimensional surface phenomenon.
The 2004 Indian Ocean Tsunami
In terms of breadth, the Indian Ocean is nearly 10,000 km wide at the southern tips of Africa and Australia and covers a surface area of nearly 69 million km 2 . The Indian Ocean floor lies roughly 7000 m below sea level, with the deepest known point at 7725 m, off the southern coast of Java. On Dec. 26, 2004, at 00:58:53 UTC, an underwater earthquake with an estimated magnitude between 9.1-9.3 generated the 2004 Indian Ocean tsunami. The earthquake was the fourth largest recorded since 1900, and its epicenter was located just north of Simeulue Island, 160 km west of Sumatra (latitude 3.316 o N, longitude 95.854 o E), at a depth of 30 km below the ocean floor. The U.S. Geological Survey estimates that as a result 6 ft "shallow coast" "deep ocean" Fig. 1 . The "tsunami tank," a trough with dimensions 6' L x 4" W x 10" H, is made from a wooden frame with clear acrylic sheets as sides. To simulate an ocean with varying water depths, the tank is tipped and then filled with water so that the water depth linearly changes from a "deep ocean" to a "shallow coast." An impulsive disturbance in the deep portion of the tank simulates an earthquake that in turn generates a tsunami-like wave.
of the earthquake, a 1200-x-900-km area of the ocean floor vertically slipped 15 m along the interface where the dense Indo-Australian plate subducts under the smaller overriding Burma micro-plate. 3 The overlying Indian Ocean was also vertically displaced along the entire rupture and waves then radiated outward. The resulting tsunami caused more casualties than any other in recorded history. Current estimates place victims of the tsunami at roughly 230,000-280,000 dead or missing, with an additional 5 million people displaced.
Building a Tsunami Tank for the Classroom
The highlight of our activity is simulating tsunamis in class. For this, we constructed a tsunami tank-a 6-ft-x-4-in trough that is 10 in high. Our apparatus can be built for under $50 but did take several hours to assemble. The floor and ends of the tank are made of a U-shaped wooden frame constructed of 3/4-in thick boards held together with construction adhesive and L-brackets. The two sides are made of 1/8-in thick clear acrylic sheets custom cut by a glass shop for $20 per sheet. Grooves were cut into the wooden frame so that the acrylic sheets could be snugly inserted into the frame and glued in place with a silicone sealant. The key to successful in-class simulations is to build a tank with both deep and shallow water depths. To accomplish this, we simply tilted the tank so that the flat bottom sloped linearly from the "deep ocean" to a "shallow coast." We added blue food coloring to the water and hung a yellow backdrop against the laboratory wall to make the waves easier to see. We found three ways to successfully simulate the earthquake and generate a tsunami-like wave: (1) we placed a thin metal plate (8 x 4 in) on the floor of the deep portion of the tank, then quickly pulled the plate upward and out of the water; (2) we held the same metal plate at the surface of the water and simply dropped it into the deep portion of the tank (this worked the best); and (3) we lifted the entire frame at the deep end of the tank and gave it an impulsive shake. 4 Two video cameras were positioned along the front of the tank, and a ruler was taped to the back so we could measure amplitudes, wavelengths, and velocities. The cameras and ruler were used only to capture images for this paper-they are not needed for in-class simulations.
Once a wave is generated, it moves quickly across the tank, so we suggest building a tank as long as possible-6 ft worked very well for us and we suspect the phenomena we are trying to observe would be difficult to see in a tank shorter than 4 ft. With a little practice, one can generate nice impulsive disturbances i. j. Fig. 2 . Images a-e show the simulated tsunami traveling in the deep portion of the tank. Notice that the bottom of the tank is not visible in these images. Images f-j show the same wave as it travels in the shallow portion of the tank, where the bottom can be seen sloping upward in the bottom-left corner of each image. As the wave moves into the shallow water depth, comparing images c and h best demonstrates the dramatic increase in amplitude (notice the height and shape of the wave in image h versus image c), while comparing images d and i best demonstrates the decrease in both wavelength and velocity. for the use of video equipment and for digitizing our images. We also acknowledge DJ Glass and Mirror for their many helpful suggestions in constructing the tsunami tank. and clearly see the amplitude, wavelength, and speed of the wave change as it propagates. The complete model is shown in Fig. 1 .
In-Class Simulations
We devoted one 50-min class to pilot our activity. We spent half of the class establishing that tsunamis are SWWs and the remainder of the class running simulations while eliciting student responses and answering questions. We did not ask students to complete any problems or homework assignments.
Our class discussion simply focused on energy considerations. The speed of a SWW is proportional to g d , where d is the water depth, while the transported energy depends on both the wave's speed and amplitude. 2 As a tsunami enters the shallow water near a coast and d gets smaller, its velocity slows and wavelength decreases. Thus, in order to conserve energy the amplitude of a tsunami dramatically grows! A tsunami that was only a few feet in amplitude in the deep ocean, and essentially imperceptible, can grow in amplitude to devastating heights as it moves to shallow water. This increase in amplitude with decreasing water depth is the dramatic effect we see on newscasts. Figure 2 depicts typical results from our simulation and clearly illustrates these phenomena. During the in-class simulations, the most striking effects occur as the wave climbs the shore and encounters a rapidly decreasing water depth. Although reductions in velocity and wavelength are easy to observe, students react most strongly to the very noticeable increase in amplitude.
Conclusions
We set out to create a simulation of tsunamis for introductory physics classes. Although highly sophisticated models and animations already exist, constructing these models involves advanced concepts from physics while the animations require highly specialized algorithms and powerful computers. By creating a tsunami tank, teachers of introductory physics can produce actual in-class simulations that capture the essential physics of tsunamis and make this timely topic appropriate for their classrooms.
